By use of a membrane fraction prepared from Desulfovibrio gigas grown in a lactate-sulfate medium, synthesis of ATP was demonstrated to be coupled to the oxidation of molecular hydrogen and reduction of either nitrite or hydroxylamine. This phosphorylation was uncoupled from electron transport by pentachlorophenol, methyl viologen, and gramicidin, but not by oligomycin. The extrusion of protons from the cells was shown to be coupled to the hydrogen-nitrite respiratory system, and, assuming the localization of nitrite reductase on the outer side of the plasma membrane, H+/2e-values of 2.0 ± 0.3 were obtained. Energy coupling observed with this system appears to be due to electron transfer-coupled proton translocation rather than vectorial electron transfer associated with hydrogen oxidation.
Bacteria of the genus Desulfovibrio are nonfermentative anaerobes which have been characterized as utilizing a variety of inorganic sulfur oxy-acids as the final electron acceptor (21) . With the demonstration of ATP synthesis coupled to electron transport in Desulfovibrio gigas (19) , it was concluded that respiration in Desulfovibrio is of paramount importance as an energy-generating activity even when the organism is growing on organic substrates plus sulfate. In previous reports, oxidative phosphorylation in D. gigas was shown to be associated with the oxidation of molecular hydrogen and concomitant reduction of bisulfite (19) , thiosulfate (19) , elemental sulfur (6) , and fumarate (3) . The highly exergonic activity of molecular hydrogen oxidation led us to explore the presence of other electron acceptor systems which could be coupled to hydrogen oxidation.
The coupled reactions of molecular hydrogennitrite and molecular hydrogen-hydroxylamine demonstrated in Desulfovibrio desulfuricans by Senez and Pichinoty (23) (24) (25) were of interest from a thermodynamic standpoint; however, the physiological significance was clouded by the nonenzymatic interaction between nitrite and hydroxylamine with reduced viologen dyes and cytochrome C3. Nitrite respiration in D. desulfuricans grown in a lactate-nitrate medium was observed to display proton translocation with hydrogen, lactate, or formate as the electron donor (27) . With tase in the cytoplasmic membrane of D. gigas (16) , the question then arose whether the respiratory chain in D. gigas could establish a transmembrane electrochemical proton gradient by the vectorial proton translocation process coued to nitrite reduction and conform to the chemiosmotic principles as proposed by Mitchell (15) and elaborated by Wood (29) . Our pursuit of the nitrite reduction has resulted in this report, in which we describe ATP synthesis by a membrane fraction of lactate-sulfate-grown cells of D. gigas and proton translocation by intact cells coupled to the oxidation of molecular hydrogen with the reduction of nitrite to ammonia.
MATERIALS AND METHODS
Growth of bacteria and preparation of membranes.
The cultivation of D. gigas in a lactate-sulfate medium and isolation of the membrane fraction containing respiratory activity were as previously reported (3). Some soluble proteins were present in this membrane fraction, as evidenced by the presence of an absorption peak at 628 nm which is characteristic of the soluble bisulfite reductase (13 (27) , using a modified oxygen electrode assembly (26) . Bacteria from early rapidly growing cultures were employed in the experiment, which was conducted at 37°C under an H2 gas phase. The 3-ml reaction mixture contained 3 mM glycylglycine buffer (pH 7.0), 140 mM KCl, and 13.8 mg of cell protein.
In specified experiments the reactions were princubated with 100 mM KSCN or 70 nM carbonyl cyanide-mchlorophenyl hydrazone. After the introduction of 25 nM NaNO2 into the anaerobic cell mixtures, the change in pH was followed with a rapid-response recorder of 0.05 pH deflection in 2 s.
Chemials. Chemicals were of analytical quality, obtained through commercial sources. Phosphorus-32 was purchased as carrier-free orthophosphate in 0.02 N HCI from New England Nuclear Corp., Boston, Mass.
RESULTS
Hydrogen oxidation with different electron acceptors. Membranes from D. gigas readily catalyzed the oxidation of hydrogen with the reduction of nitrite and hydroxylamine ( Table 1) . As seen from the velocity data, hydrogen oxidation with hydroxylamine was more pronounced than with nitrite. Measurements of Km for the membrane dehydrogenases revealed greater affinity for nitrite than for hydroxylamine. We do not know whether the nitrite and hydroxylamine reductions are catalyzed by distinct enzymes or whether hydroxylamine is an alternative substrate for the nitrite reductase. The reduction of nitrite is by a specific membrane-bound enzyme and is not attributed to nitrite serving as an alternate substrate for the soluble bisulfite reductase (12) .
The washed membranes contained little of the soluble bisulfite reductase, as evidenced from the enzyme velocity data in Table 1 and from the spectral analysis of the membranes. One milligram of protein from the unwashed membrane gave absorptions of 0.034 and 0.004 at 553 and 628 nm, respectively, whereas an equivalent amount of washed membrane produced absorptions of 0.016 at 553 nm and 0.0004 at 628 nm. Membranes which were reduced with dithionite gave only a single symmetrical peak in the visible range at 553 nm. Therefore, the washedmembrane fraction was considered to be substantially free from the soluble bisulfite reductase.
Coupled to the H2-NO2f oxidation reduction system in D. gigas was the synthesis of ATP (Table 2) . Values for phosphate esterified for each pair of electrons flowing through the system varied with the cell preparation and were observed to be as high as 0.4; lower P/2e-values were attributed to loss of coupling factor from the membranes. If the membranes were subjected to a second wash, considerable loss of energy coupling was observed with no effect on electron transfer activity. By changing the composition of the reaction mixture, it became evident that the phosphorylation observed was associated with the oxidation-reduction reaction and not with substrate-level phosphorylation or with Stoichiometry and product of the H2-NO2 system. The product of nitrite reduction in D. gigas was found to be ammonia. In four separate experiments in which 31.2 mg of membrane was allowed to react for 7 min, 11.3 ,umol of H2 was oxidized and 3.3 ,mol of nitrite was utilized. This would give an average value of 3.4 ± 0.5 ,umol of H2 oxidized for each imol of nitrite reduced and would be consistent with a 6e-reduction of NO2-to NH3. The production of insoluble gases characteristic of the dissimilatory reduction of nitrite can be ruled out since the stoichiometry of the H2-NO2 reaction was based on hydrogen oxidation determined by manometric methods. Furthermore, NH3 was determined to be a product of the H2-NO2 reaction by using the highly sensitive biniodate assay procedure.
The magnitude of energy coupling with the H2-NO2 system was nearly as great as that with the H2-fumarate system previously established for this organism (3) . The values of P/2e-with the different substrates, reported in Table 3 , reflect relative energy coupling efficiencies since the same membrane preparation was used for these reactions. In the four different membrane preparations from D. gigas that were tested, the system giving the greatest values for P/2e-was H2-fumarate, and the H2-NH2OH system gave the lowest values.
The characteristics of energy coupling in the H2-NO2 system were consistent with those in other energy conservation systems reported for D. gigas (3, 20) . Effective uncouplers of oxidative phosphorylation were found to be substituted phenols and gramicidin but not oligomycin (Table 4) . Although oligomycin uncouples energy transfer in mitochondrial systems, none of the oxidative phosphorylation systems in D. gigas is sensitive to oligomycin (3, 6) . The effectiveness of 2,4-dinitrophenol as an uncoupling agent is limited by the fact that 2,4-dinitrophenol is reduced to amino-phenols by extracts of these bacteria (19) Thermodynamically speaking, H2 oxidation coupled to NH2OH reduction could drive the esterification of orthophosphate to ATP. Although the P/2e-ratios reported here for D.
gigas in the H2-NO2 system are similar in magnitude to ratios obtained with other bacterial vesicles (see Table 21 in reference 7), the low P/2e-ratio in the H2-NH2QH system may reflect the inefficient functioning of the proton pump coupled to electron transfer in the cell-free system. A physiological role of hydrogenase in D. gigas would be to aid in the generation of the proton electrochemical gradient since most respiratory systems in sulfate-reducing bacteria do not require pyridine nucleotides (3) . The source of protons in the chemiosmotic synthesis of ATP would appear to be dependent on a functional proton pump as earlier proposed (see Scheme 1 in reference 27). In the experiment with whole cells (Fig. 1) , acidification of the medium reflected proton translocation directly coupled to electron transfer rather than protons generated by the periplasmic oxidation of hydrogen and concomitant vectoral electron transfer (1, 17) . An electrogenic proton-translocating ATPase (9, 23) would account for the coupled synthesis of ATP observed in these studies. The H+/2e-value for the H2-NO2 system in whole cells of D. gigas was 2.0 ± 0.3, which is the same magnitude as has been reported for D. desulfuricans with the same redox system (27) .
It should be noted that the anaerobic oxidative phosphorylation observed here and previously reported (3, 6, 19) (22) with nitrite-generating anaerobic bacteria. The capability for nitrite reduction by Desulfovibrio sp. may serve to detoxify the environment and to provide bacteria with ammonia for metabolic activities. It is evident that the reduction of inorganic nitrogen compounds adds another dimension to the energetics of the sulfate-reducing bacteria and suggests that the electron transport system in these organisms is even more complicated than previously considered.
